Polymorphism at five microsatellite loci were screened to determine the genetic variability and the temporal stability of population structure in natural populations of European hake ( Merluccius merluccius , L.) within the Bay of Biscay. In addition, the control region (900 bp) and two protein coding genes (ATPase, subunits 6 and 8, 842 bp and a partial sequence of the ND1, 800 bp) of the mitochondrial DNA (mtDNA) were sequenced from geographically distant populations from the extremes of the species range. One hundred individuals from either side of a supposed stock boundary within the bay were collected in autumn 1997. This sampling strategy was repeated during hake spawning seasons in late spring of 1998 and 1999. Low levels of population subdivision were found between putative populations within years. Similarly, low levels of differentiation were found between autumn 1997 northern samples and spring 1998 southern samples which were collected 7 months later on spawning grounds. These results are discussed in relation to ecological, behavioural and oceanographic information. Sampling effects, which may influence these results, are also discussed. Theta ( θ θ θ θ ) estimates were significantly different from zero in every other pairwise comparison between geographical areas (north and south of the Bay of Biscay) and between years within the same area ( P < 0.05). Hierarchical analysis of molecular variance ( AMOVA ) does not confirm the temporal persistence of population structure. These results are discussed in relation to variance in reproductive success, and temporal spawning patterns, which may exist within the bay. mtDNA variability was very low between geographically distant samples from Norway and the Mediterranean Sea with only 10 variable sites found in a total of 2542 bp of mtDNA, these differences being exclusively in the D -loop.
Introduction
The field of conservation genetics has traditionally been associated with concerns about levels of genetic variation and inbreeding depression in small, often, captive populations (Avise 1996) . However, since the development of molecular techniques and the recognition of the potential usefulness of polymorphic genetic markers, a host of additional issues of conservation relevance can be addressed including spatial and temporal aspects of population structure. Genetic markers in this field are particularly important when addressing conservation and management questions in marine organisms. Due to the nature of the environment occupied, many marine organisms are relatively inaccessible for direct field observations and tagging, mark/recapture and census of populations may be virtually impossible. Genetic markers represent effective means of gaining knowledge of population structure in these, often commercially important, species (Carvalho & Hauser 1998 ). This information is critical because successful management depends on the correct delimitation of populations, or stocks, of harvested animals. Sub-populations may possess different genetic, physiological, behavioural or other characteristics that may cause differences in life-history traits such as fecundity and mortality rates and therefore abundance (Gold & Richardson 1998) . Population boundaries, therefore, necessitate accurate definition when conducting stock assessment.
Despite the assumed homogenizing effect of the ocean to population structure, barriers to migration do exist in the marine environment (Ovenden 1990; Palumbi 1994; Ruzzante et al . 1998) . Most obviously, landmasses may interrupt a previously contiguous oceanic environment as a result of falling sea levels or rising continents, and result in differentiation of populations of marine organisms. In addition to these vicariant events, the dispersal of shallow water organisms may be prevented by wide stretches of deep water trenches which pelagic eggs or larvae cannot disperse across during their development time and that are uninhabitable to adults (Lessios et al . 1998) . Highly abundant, wide-ranging species of marine fishes have been found to exhibit some population subdivision if the species also show a degree of spawning fidelity to natal areas. For example, natal homing has been suggested for mackerel ( Scomber scombrus ) (Nesbø et al . 2000) and herring ( Clupea harengus ) (McQuinn 1997) . Spawning migrations are well described for most commercial anadromous species but have been less well studied in marine fishes. For instance, Ruzzante et al . (1998) found genetic structure in north-west Atlantic cod ( Gadus morhua ) spawning banks, which was interpreted as evidence for homing behaviour. Hydrogeographic features such as topographically induced gyre-like circulations that act as retention mechanisms for juveniles may facilitate such homing behaviour. Selective tidal transport, in which seasonally stable water currents provide a transport system or directional cue for adult fish migration, may act as a mechanism for maintaining population integrity and therefore population subdivision (e.g. Metcalfe et al . 1990 ). For example, Naciri et al . (1999) speculate that these hydrogeographic features in addition to fish behaviour may contribute to the levels of genetic differentiation observed between Atlantic and Mediterranean sea bass ( Dicentrarchus labrax ).
In the marine environment, the available evidence on bathymetric and hydrodynamic structure, as well as spawning migratory behaviour may represent a rational starting point for constructing hypotheses designed to examine genetic structuring of marine fish species (Ruzzante et al . 1998) . Where areas of genetic transition are found to occur on a small geographical scale, opportunities to study the validity of these mechanisms in maintaining population structure exist and should receive particular attention. However, the number of genetic studies that have addressed this issue in marine environments remains limited (e.g. Bembo et al . 1996; Chikhi et al . 1998; Ruzzante et al . 1998; Naciri et al . 1999) .
The European hake ( Merluccius merluccius ) is widely distributed in the north-east Atlantic and Mediterranean Sea. The range of this species extends from approximately 21 ° N off the coast of Mauritania to 62 ° N off the west coast of Norway and eastwards into the Mediterranean Sea (Anon 1977) . The species is fished commercially throughout its range and is one of the most important demersal species fished in western Europe (Pitcher & Alheit 1995) . The stock boundary for northern and southern Atlantic hake has been placed in the Bay of Biscay in conjunction with the Cape Breton Canyon, a 4000-m deep trench situated along the wide French continental shelf (Fig. 1) . It has been hypothesized that this deep-water trench acts to divide the two putative populations of hake and other marine organisms in the region (Casey & Pereiro 1995) . More recently it has been suggested that oceanographic conditions (e.g. orientation and differing widths of the continental shelves and seasonal water currents) which vary north and south of the canyon may be more important delimiters of adult fish movement and passive transport of egg and larval stages (Bartsch et al . 1996; Sanchez & Trujillo Gil 1998) . In addition to this, temporally and spatially stable spawning aggregations in the bay suggest that two stocks exist with distinct spawning and nursery areas, one to the north and one south of the deep water trench (Hickling 1935) . No tagging experiments have been conducted to gain further understanding of adult hake movements due to the high mortality in fish brought to the surface (Harden-Jones 1968) . Genetic analysis of hake from the Bay of Biscay may prove to be the only method available to confirm or dispute the correct placing of the Atlantic stock boundary.
In this study, hake in the Bay of Biscay, either side of a management stock boundary, has been used as a marine species model for examining population genetics hypotheses within an oceanographic, ecological and biological framework. Two alternative hypotheses were tested. First, that the habitat discontinuity within the Bay of Biscay provides an effective barrier to dispersal (Casey & Pereiro 1995) . Second, temporally stable spawning sites and juvenile retention areas associated with stable and predictable hydrographic processes within the bay are responsible for sustaining the integrity and discreteness of hake populations (Bartsch et al . 1996; Sanchez et al . 1998 ). This hypothesis is highly dependent upon philopatry, i.e. individuals homing back to the natal spawning site associated with their larval retention area (McQuinn 1997) . Therefore, the timing at which fish are sampled may be vital to the success of discriminating between populations (i.e. spawning vs. nonspawning season) (Hauser & Ward 1998) . For example, anadromous salmon populations spawn in separate rivers, yet often mix on oceanic feeding grounds. In this study adult hake samples have been taken in the autumn, where putative populations may be mixed and in two sequential spring seasons from spawning sites north and south of the Cape Breton Canyon where population subdivision may be detectable if individuals home to natal spawning sites. A further aim of this study was to test whether temporal stability exists for any geographical structure that may be found in the analysis.
Additionally the level of differentiation found with relation to evolutionary and ecological time scales has been examined using both mitochondrial DNA (mtDNA) and microsatellite DNA markers. One emerging generalization from molecular analysis is that marine fishes are often characterized by shallow population genetic architectures (Shields & Gust 1995; Grant & Bowen 1998) . These shallow, but nonetheless differentiable population segments may have levels of gene flow which are sufficiently low to be recognized using highly polymorphic microsatellite markers and to justify consideration as separate stocks in fisheries or Management Units (MUs). This concept is concerned with current population structure, allele frequencies and short-term management issues. This contrasts to the relatively deeper historical population subdivisions commonly considered as 'evolutionarily significant units' (ESUs) and recognizable by reciprocal monophyly of mtDNA haplotypes (e.g. Moritz 1994 ). In fisheries science, the use of these concepts is not new (e.g. Ihssen et al . 1981; MacClean & Evans 1981 ), yet their full implications and interpretation remain controversial (for a detailed review see Bernatchez 1995) . The aim in this study was to attempt to distinguish between the two types of conservation units by comparing levels of differentiation in European hake at nuclear hypervariable loci and mtDNA.
Materials and methods

Sampling and DNA extraction
Six hundred samples were analysed in total. One hundred hake from north of the Cape Breton Canyon (Sample Station co-ordinates: N 47 ° 06 ′ 26 ″ /W 004 ° 42 ′ 15 ″ ; N 46 ° 39 ′ 19 ″ / W 003 ° 42 ′ 42 ″ ; N 45 ° 50 ″ /W 003 ° 40 ′ ) were caught during research vessel trawls in the autumn of 1997 (SeptemberOctober). A further 100 samples were collected in the same localities in two consecutive years during the hake spawning season. Samples were caught in different months (May 1998 and July 1999) due to adverse weather conditions (Fig. 1) . In the south of the canyon (Sample Station co-ordinates: N 42 ° 18 ′ 13 ″ /W 009 ° 17 ′ 32 ″ ; N 43 ° 57 ′ 68 ″ /W 006 ° 59 ′ 12 ″ ; N 43 ° 10 ′ 16 ″ /W 004 ° 42 ′ 13 ″ ; N 43 ° 50 ′ 03 ″ /W 008 ° 22 ′ 32 ″ ) 100 individuals were taken in the autumn of 1997, in May 1998 and in March 1999 (Fig. 1) . Again spring samples were collected in different months in consecutive years due to weather conditions. Additional samples from the extremes of European hake distribution; Trondheimsfjord in Norway and offshore from Tunisia in the Mediterranean Sea, were also used to determine the level of mtDNA variation in European hake. A small portion of gill was removed from freshly caught fish and stored in 99% ethanol at room temperature.
Prior to DNA extraction gills were washed in distilled water and dried on tissue paper to remove excess ethanol. Whole cell DNA was extracted by standard proteinase K digestion, phenol-chloroform extraction and DNA precipitation as outlined in Brown (1990) . DNA was resuspended in 200 µ L Tris-EDTA (10 m m Tris, 1 m m EDTA, pH 8), quantified in a spectrophotometer and diluted to 20 ng/ µ L.
Microsatellite amplification and screening
Five microsatellite loci were screened for variation, four of which were isolated from hake, Mmer UEAHk3b, Mmer UEAHk20, Mmer UEAHk29, and Mmer UEAHk34b ) and one, Mmer UEAW01, from whiting ( Merlangus merlangus ) . Polymerase chain reaction (PCR) conditions for each locus are given in Moran et al . (1999) . PCR products were then diluted with Dextran blue loading buffer mixed with internal size markers prior to electrophoresis in an ALF automated sequencer (Pharmacia) as described in van Oppen et al . (1997) . Allele sizes were calculated using the software program Fragment Manager TM version 1.2 (Pharmacia).
mtDNA amplification and screening
PCR amplification of the control region was conducted using primers L19 and H17 that were designed from sequence identity observed among published fish DNA data (Bernatchez et al . 1992) . Twenty nanograms of template DNA, 0.011 m m of each primer (one of which was fluorescein-labelled), 0.02 m m of each dNTP, 1.5 m m MgCl 2 , 1 × NH 4 BioTaq Buffer, and 0.5 units of BioTaq (Bioline, London, UK). Amplification was performed in a Perkin Elmer 9700 thermocycler as follows: an initial denaturing at 94 ° C for 3 mins, then 30 cycles of 94 ° C for 60 s, 48 ° C annealing temperature for 90 s and 72 ° C for 90 s. Additional internal primers were designed to facilitate sequencing of the control region (a forward primer, Mmer Hk01: 5 ′ -GGGGGGGCCGACAGAGTTATA-3 ′ and a reverse primer Mmer Hk02: 5 ′ -CCCGCTAGACTTGCTTACTAA-3 ′ ). Additionally the complete sequence (subunits 6 and 8, 842 bp) of the ATPase gene was included in this work as variation has previously been detected at an interspecific level (Johansen 1996) and at an intraspecific level in cod ( Gadus morhua ) (C. Rico, unpublished data), and other fish species (E. Bermingham, unpublished data). The ATPase gene (subunits 6 and 8) was amplified using primers designed from sequence identities between fish species (E. Bermingham, unpublished data). PCR conditions were as given above with the exception that an annealing temperature of 55 ° C was used. A partial sequence (800 bp) of the ND1 gene was obtained in four individuals from Trondheim and four from the Mediterranean Sea using primers designed for use in Atlantic salmon ( Salmo salar ) (Nielsen et al . 1998) . The mtDNA PCR products were sequenced in both directions for ATPase and control region and in one direction for the ND1 region using the BigDye TM terminator sequencing ready kits with AmpliTaq® DNA polymerase. Sequencing was performed on an ABI 377 automated sequencer.
Microsatellite data analysis
Allele frequencies, observed ( H O ) and expected ( H E ) heterozygosities were calculated using the computer program genepop 3.1 (Raymond & Rousset 1995) . This program was also used to test for linkage disequilibrium and departure from Hardy-Weinberg equilibrium by the Markov chain method (Guo & Thompson 1992) . Because samples from the north and south of the bay were collected from different sampling stations we initially tested whether different subsamples comprised a single panmictic unit by calculating pairwise θ -values as described below. No significant θ -values were detected and thus all subsamples within regions were pooled.
Population pairwise comparisons, for all loci, were tested for heterogeneity of genotype distribution, in which the null hypothesis tested is that the genotype distribution is identical across populations. For this genotypic differentiation analysis, genepop 3.1 calculates an unbiased estimation of the P -value of a log-likelihood ('G') based exact test by the Markov chain method (Goudet et al . 1996) .
The extent of population subdivision between samples was investigated by calculating fixation indices based on an infinite alleles model (IAM) and a stepwise mutation model (SMM) using nonparametric permutational procedures to test for significance. For the former, the computer program arlequin , version 1.1 (Schneider et al . 1997) , was used to calculate Weir & Cockerham (1984) theta ( θ ), an unbiased estimator of Wright (1951) F -statistics. In the latter model, the computer program rstcalc was used to calculate rho ( ρ ) (Goodman 1997) an analogue of Slatkin's R ST (Slatkin 1995) in which differences in sample size and variance between loci are accounted for. The significance of genetic subdivision under the assumptions of both the IAM and SMM was assessed, using 1000 permutations and bootstraps for all loci and sample pairwise comparisons. Further, an hierarchical analysis of molecular variance ( amova ) was performed using arlequin 1.1 software package to assess the component of genetic diversity attributable to: (i) variance between regions; (ii) variance between temporal samples within regions; and (iii) variance among individuals within samples, using two estimators of the fixation index F ST (Wright 1951) . Theta ( θ ) considers only allele frequency variation (Weir & Cockerham 1984) , while phi ( φ ) considers both allele frequency and allele size variation (Excoffier et al . 1992) .
Recently, Hedrick (1999) suggested that severe bottlenecks might produce levels of genetic differentiation at microsatellite loci that are statistically significant, without there being biologically meaningful differences. To explore the possibility that populations have experienced bottlenecks, Cornuet & Luikart (1996) proposed an approach which assumes that following a bottleneck, the H O is larger than the H E from the observed allele number because the allelic diversity is expected to be reduced faster than the heterozygosity. They also suggest that population bottlenecks cause a characteristic mode-shift distortion in the distribution of allele frequencies at selectively neutral loci. To test whether hake populations from the Bay of Biscay had have experienced a recent reduction of their effective population size the computer program bottleneck (Cornuet & Luikart 1997) was used.
Where applicable, throughout the analysis, corrections for multiple simultaneous comparisons, using sequential Bonnferroni corrections were applied using a global significance level of 0.05 (Rice 1989) .
Results
Microsatellite population differentiation
All populations were highly genetically variable, with many alleles at each locus and high expected heterozygosities (Table 1 ). In the autumn, all samples showed significant heterozygote deficits for all loci while in the spring, only 50% of samples deviated from Hardy-Weinberg expectations. Further, significant heterozygote deficits ranged from 39 -9% and from 23 -6% in the autumn and spring samples, respectively (Table 1) . Heterozygote deficit could be evidence for null alleles due to mutations in the priming sequence, however, it has already been demonstrated that null alleles are unlikely to explain these deviations from Hardy-Weinberg equilibrium . No consistent statistically significant linkage disequilibrium was found in 60 pairwise comparisons ( P < 0.05 for two out of 60 pairwise comparisons made for each locus within each of the six samples, data not shown).
Significant differences in genotype frequency distributions were found only at locus Mmer Hk20 between autumn samples and between northern autumn and southern spring 1998 samples. In addition significant differences were found between spring 1998 samples only at loci MmerHk29 and UEAW01 and in spring 1999 samples loci at MmerHk3, MmerHk20 and MmerHk29. Significant differences were found at most loci between all other population pairwise comparisons, at geographical and temporal scales.
Spatiotemporal variation in the Bay of Biscay
Theta (θ) estimates were significantly different from zero in every pairwise comparison between samples. However, θ estimates were generally lower between northern and southern regions in any one-year than between regions from different years or between different years for the same region (Table 2) . Interestingly, northern samples collected in the autumn 1997 and southern samples collected in the spring 1998 (8 months later) yielded an estimate of θ = 0.004. The ρ estimates revealed no significant differentiation between regions in any one-year. No significant differentiation was found between northern samples in 1997 and 1998 and between 1998 and 1999. Also northern 1998 and southern 1997 samples were not significantly differentiated. Significant differences were detected between all other pairwise comparisons. Hierarchical analysis of genetic variance indicated that most genetic variation was within populations. In addition, a significant proportion of the allelic variance could be attributed to differences among years (θ = 0.03, P < 0.001; φ = 0.02, P < 0.001). Non significant genetic variance was attributable to the northern and southern samples (P > 0.05). (Table 3 ). This indicated that temporal changes in allele frequency distribution and allele size variation were far more important than spatial changes. This is to the extent that it overrides the persistence of the spatial structuring detected by the comparisons of number of loci showing significant genotype frequency distribution differences and pairwise θ-values (Table 2 ). This further substantiates the temporal differentiation provided by significantly different genotype frequency distribution at most loci and multilocus pairwise θ-values.
No evidence was found for population bottlenecks in hake sampled within the Bay of Biscay when comparing H O and H E (P > 0.005 in every sample). Similarly no modeshift distortion in the distribution of allele frequencies was detected. It has recently been suggested that low levels of genetic differentiation at microsatellite loci, as seen in this study, may be statistically significant, but do not represent biologically meaningful differences as severe bottlenecks may influence the results (Hedrick 1999) . The high allelic diversity at the loci used and the absence of any evidence of recent bottlenecks in this species, would suggest that this problem is not affecting these results and that the differentiation seen is biologically meaningful.
mtDNA variation
A 900-bp sequence of the mtDNA control region was obtained from eight individuals from the coast of Tunisia in the Mediterranean Sea, eight from Trondheim and two from the Bay of Biscay. Ten variable sites were found (1.1%), eight of which were transitions, one was a transversion and one involved a 5-bp indel (Table 4) . No fixed differences between populations from the extremes of the species range were detected and no structure was evident among haplotypes (data not shown). (GenBank accession nos AF232831-AF232848). Sequence analysis of two protein coding genes revealed no differences among samples from the extremes of the species' range. Neither the complete sequence of the ATPase gene (subunits 6 and 8, 842 bp) obtained from six individuals from Tunisia, two from Trondheim and one from the Bay of Biscay, nor the partial sequence of the ND1 gene (800 bp) detected differences (GenBank accession no. AF232830 for ATPase). Therefore, sequencing more individuals for these genes or analysing the complete ND1 gene was considered to be uninformative. Although, it might be possible to detect haplotype frequency differences for the mtDNA control region, a large effort would be needed and it is uncertain whether this would be informative. Therefore, it could be confidently suggested from this limited analysis that mtDNA sequence analysis is not suitable for detecting population structure in this marine fish.
Discussion
This is the first study that examines the temporal and spatial population genetic variation of European hake. The lack of significant differentiation observed after accounting for variance within populations and among temporal samples within regions indicates that the Cape Breton Canyon is not an effective barrier to migration within the bay. This finding leads us to tentatively reject the hypothesis that discrete spawning sites, juvenile retention areas and adult homing behaviour associated with predictable oceanographic processes are responsible for sustaining the integrity and discreteness of hake populations (but see below). Interestingly however, high levels of differentiation were found between samples collected in consecutive years within the same sampling sites. This is the first time that such high levels of temporal variation are found in a marine fish, this may have important implications for fisheries management. In contrast, extremely low levels of variation were found in a total of 2542 bp of mtDNA examined from hake collected from geographically distant sampling sites at the extremes 
of the species' range. These results indicate that European hake throughout its range, probably forms a single evolutionary significant unit but that stock structure within this ESU is considerably more complicated than the present management policy recognizes. These results raise several issues worthy of discussion.
Spatial genetic differentiation within the Bay of Biscay
Fixation indices based on the IAM suggested small but significant differentiation between geographical regions, within years in the Bay of Biscay. However, Waples (1998) has recently commented that intralocus sampling error can be expected to introduce noise of magnitude 1/2S (S = sample size) on estimates of population divergence (0.005 in this case). This is, therefore, a particularly relevant source of potential error in this study, given the very low estimates of θ between regions within years. Therefore, the apparently significant θ estimates obtained between autumn samples and between northern autumn and southern spring 1998 samples are in fact nonsignificant. This conclusion is substantiated by the fact that significant differences in genotype frequency distributions were found only at locus MmerHk20 for these comparisons. Waples (1998) points out that the most effective strategy for dealing with this type of intralocus sampling error is to replicate samples over time. By comparing the northern and southern samples collected over three time periods, it is possible to provisionally conclude that low but significant levels of spatial differentiation may be present between the northern and southern regions of the bay. This is supported by the fact that the expected source of error is smaller than the θ-values obtained for the significant comparisons between northern and southern spring samples for two consecutive years, and thus more likely to reflect real structuring between these regions. Two hypotheses may explain these results. First, the lack of differentiation and the departures from HWE observed between autumn samples could be interpreted as evidence for a mixed feeding assemblage of discrete fish populations outside the spawning season, an example of the Wahlund effect. Additionally, during the spawning season mature adult fish may migrate from feeding grounds in the north to spawning grounds in the south of the bay and this is the reason why there is no differentiation between northern autumn and southern spring 1998 samples. Interestingly, Lundy et al. (1999) found no differences in allele frequency distributions at five out of six microsatellite loci between samples collected during the autumn of 1997 in the Celtic Sea (about 500 km north-west from the northern sampling stations of this study) and the autumn samples collected in the south of the bay used in this study. Further, significant heterozygous deficits were found for the Celtic Sea samples in all loci. This suggests that hake from the north coast of Spain to the Celtic Sea form a mixed assemblage of otherwise distinct subpopulations that separate during the spawning season. This hypothetical scenario, if correct, may account for the fact that northern autumn samples are different from northern spring 1998 samples, suggesting that adult fish moved south from the Celtic Sea to the northern Bay of Biscay and from the north to the south of the bay. If this pattern of migration to spawning grounds is correct, then we would expect that the Celtic Sea samples used in Lundy et al. (1999) would be no different from the northern spring 1998 samples collected in this study. To test this hypothesis, the microsatellite data (of the same five loci) of Celtic Sea samples in question were compared to the northern spring 1998 samples. Genotype frequency distributions were not significantly different for all bar one locus (Mmer-Hk3) suggesting that mixed assemblages of fish in feeding ground may migrate south to spawning grounds and segregate in the spring. It also suggests that the movements of fish from feeding to spawning grounds in the area are from northern to southern latitudes.
Ecological, behavioural and oceanographic considerations supporting population structure
If the significant levels of differentiation found between spring samples from two consecutive years were not biologically meaningful (e.g. Waples 1998; Hedrick 1999) , the lack of genetic differentiation between northern and southern samples would contradict ecological and hydrogeographical information, which tends to support a distinct division between stocks. For example, the member/ vagrant hypothesis suggested by Iles & Sinclair (1982) , and Sinclair & Iles (1988) predict that the presence of stable and predictable hydrogeographic features and the interaction of fish behaviour within these features will result in discrete population units and strong genetic structure among populations. Natural selection will favour fish which remain, as juveniles, in population-specific nursery areas and in the breeding season, home to natal spawning grounds which ensure that their progeny have access to those same nursery areas, even if extensive feeding migrations occur. Individuals, which complete this cycle, are considered to be 'members' of the population, whereas vagrants do not contribute to the gene pool of locally adapted populations.
The information available regarding hake spawning migrations, juvenile retention areas and the pattern of ocean currents within the Bay of Biscay could be interpreted as evidence for discrete populations and appears to be in accordance with the member/vagrant hypothesis. In addition, a large spawning area has been recognized to exist in the north of the Bay of Biscay with smaller separate areas located along the north coast of Spain and the Portuguese coast (Casey & Pereiro 1995; Bartsch et al. 1996) . Spawning has been suggested to occur earlier in the south of the species range and then progressively later in more northerly latitudes. The timing and location patterns of spawning in the Bay of Biscay have been shown to be temporally and spatially stable (Lucio 1996) .
The pelagic eggs (and later larvae) rely entirely on passive drift to be transported away from the spawning ground. Valdes et al. (1996) suggests that within the bay, the sea surface circulation is the main factor controlling the drift of eggs and larvae inshore towards nursery grounds. In the Cantabrian Sea, in the south of the Bay of Biscay, the current pattern generally tends to push young towards the Spanish and Portugese coast. However, the occurrence of an intense geostrophic flow towards the western Bay of Biscay can carry eggs and larvae towards the deep oceanic area. This results in high mortality of young (Gil & Sanchez 1996) . Bartsch et al. (1996) looked in detail at egg and larval movements in the Bay of Biscay. They identified a main nursery area on the northern coast (southern Brittany) and a smaller area in the south-eastern corner of the bay. They suggested that because of the larvae's limited swimming ability prevalent residual currents towards the coast from spawning areas must transport them. It is essential that they reach the shallow, muddy bottoms to have a chance of survival. Bartsch et al. (1996) concluded that in the north the mesoscale gyre structure retains biological material and carries it towards nursery areas along the French coast. In the south eggs are retained in the vicinity of the spawning ground by a cyclonic gyre wind system. These authors claim that eggs and larvae from the north and south of the Bay of Biscay are prevented from mixing by these environmental mechanisms. The nursery areas in the Bay of Biscay have been suggested to be stable in time, size and location (Gil & Sanchez 1996) . The differences in the oceanographic conditions are likely to be related to the width and orientation of the continental shelf (Sanchez et al. 1998) . The results presented here do not refute the importance of ecological and oceanographic processes in ensuring the survival of juvenile hake, however, to claim that these features account for the spatial structure observed, homing behaviour would be necessary.
Spawning fidelity to natal areas (philopatry) has been postulated as a mechanism maintaining stock structure in several other commercial fish species (e.g. pelagic fish in the Irish Sea, Dickey-Collas et al. 1997; herring Clupea harengus, McQuinn 1997; Shaw et al. 1999 ; walleye pollock Theragra chalcogramma, Bailey et al. 1997 ; sea bass Dicentrarchus labrax, Naciri et al. 1999 and mackerel Scomber scombrus, Nesbø et al. 2000) . In addition, a recent study has found a significant relationship between oceanographic features, philopatry and genetic structure. Ruzzante et al. (1998) found differentiation between geographically contiguous populations of cod (Gadus morhua) which appeared to be related to topographically induced gyrelike circulations and spatiotemporal spawning distributions. However, the presence of these supposed gene flow limiting features does not necessarily always translate into high level population subdivision. For example Tudela et al. (1999) found genetic homogeneity in anchovy (Engraulis encrasicolus), which has very distinct spawning grounds within the north-western Mediterranean. Similarly, lack of genetic differentiation has been reported between some supposedly discrete local populations of Atlantic herring (C. harengus) (Smith et al. 1990) .
While limitations in the resolving power of the molecular marker used may be responsible for the lack of variability detected in the above studies, it has also been suggested that gene flow can occur between supposed separate populations due a lack of natal homing of adults. From tagging experiments it has been demonstrated that herring repeatedly return to the same spawning ground, but not necessarily to their natal spawning ground (Smith & Jamieson 1986) . Although the movements of juvenile hake have been extensively studied, it has not been possible to conduct any extensive tagging experiments on adults to determine whether they home to their natal spawning site because of damage occurring to the swim bladder of adult hake brought to the surface of the sea (HardenJones 1968) . The levels of differentiation detected in this study and the apparent pattern of migration of adult fish from feeding grounds to spawning grounds suggest that adult hake from the Celtic Sea and from the north and south of the Bay of Biscay may home to their natal spawning sites. The mechanism underlying this ability to return to their natal spawning site, whether innate (Cury 1994 ), or learnt (McQuinn 1997 remains to be studied.
In conclusion, the microsatellite results and the above considerations support to some extent the hypothesis that juvenile retention areas and adult homing behaviour associated with predictable oceanographic processes are responsible for the levels of geographical structuring detected in these hake populations.
Temporal genetic differentiation within the Bay of Biscay
Despite the above considerations and the significant differentiation between spring samples from consecutive years, the hierarchical analysis of gene diversity suggests that the spatial component of variance does not confirm the temporal persistence of population structure. One possible explanation for this finding is the hypothesis suggested by McQuinn (1997) which states that a metapopulation model may describe marine fish populations more accurately than the member/vagrant hypothesis. In this case, hake may form local populations within the bay, but migration between them may be sufficiently high to prevent differentiation. Additionally, the large fluctuations in recruitment commonly found in marine fish may result in populations expanding their boundaries causing considerable mixing between populations in some years rather than a constant migration between demes. This intermittent level of migration would certainly not result in temporarily stable population units (McQuinn 1997) .
In contrast to the low spatial population genetic subdivision within the Bay of Biscay, this study documents for the first time in marine fish very high levels of interannual differentiation. This is a very interesting result and demands an explanation. It could be that the large variance in reproductive success which has previously been reported for many marine organisms (reviewed in Cushing 1990) , is reflected in the population genetic structure of hake. The marine environment is highly unpredictable, the occurrence of intense ocean currents can drive eggs and larvae of highly fecund marine species away from coastal retention areas resulting in very high mortality rates (e.g. Cushing 1990; Chikhi et al. 1998; Li & Hedgecock 1998) . Survival rates are also affected by high predation on these early life-history stages which can reduce population densities by as much as two orders of magnitude within a few days (Cushing 1990 ). In any one year, larvae which do survive may be derived from the relatively few numbers of individuals which by chance matched their reproductive activity with oceanographic conditions permitting maturation, fertilization, larval development and later, recruitment (Cushing 1990; Li & Hedgecock 1998) . In this way it is possible that high variance in reproductive success results in genetic variation between year classes. Because fishing methods are commonly size selective it is likely that a single year class predominates in samples taken and, thus, temporal variation will be apparent. Variance in reproductive success has been reported and the genetic consequences quantified for larval cohorts over a single spawning season (e.g. Ruzzante et al. 1996; Li & Hedgecock 1998 ).
An alternative explanation for this result could be that hake within a region may consist of two or more breeding stocks which may be delimited by the time of spawning. Genetically distinct subpopulations may migrate to spawning grounds at different times within a region. Evidence of this in other marine species remains limited, however, Kobayashi (1983) examined samples of Pacific herring (Clupea pallasi) from Ishikari Bay in Japan collected in February/March and later in May/June. He found significant allele frequency differences at one allozyme locus and in the average number of vertebrae. Also, Ruzzante et al. (1996) found heterozygote deficits in cod (G. morhua) when larval cohorts from one spawning site, sampled over a three-week period, were pooled and assumed to be one population unit. No deficits were seen when these cohorts were analysed independently. This suggests that the entire aggregation originated from several distinct spawning events involving adults with heterogeneous allelic compositions. This study is, therefore, relevant to the temporal variation observed in hake as it substantiates the hypothesis that genetically distinct subpopulations may migrate to spawning grounds at different times within a region.
Unfortunately it was not possible to sample fish throughout the spawning season to test this hypothesis. In addition the spring sampling carried out for consecutive years was done in different months due to weather conditions. Therefore, the data on temporal variation presented here remains limited and this underlines the need for a more systematic sampling strategy to clarify population structure on a temporal scale within the Bay of Biscay. For example, it is suggested that samples be collected at least monthly throughout the spawning season over a minimum of three consecutive years. Further, as previously discussed, our sampling strategy may not be completely random in respect to year classes represented in the natural population of hake. It is important that future sampling strategies consider the effects of size selective fishing methods when collecting samples for population structure analysis of marine fish with the potential for high variance in reproductive success. It is also important that a good representation of year classes is included in the sample. However, it is commonly agreed that hake are difficult to age using traditional methods and this may make analysis of year class differentiation difficult. Apart from the fact that the Celtic Sea spawning grounds should be included in the sampling, the spatial scale of this study seems appropriate as no genetic differences were detected within the northern or southern sampling stations within a year. A sampling strategy, which considers these criteria, may clarify the population structure of hake in the Bay of Biscay and thus assist the management of this commercially important species.
Comparison of microsatellite and mtDNA markers
Although, the mtDNA data set presented in this study represents a very limited sequencing effort, it is clear that very low levels of variation are present in the European hake mtDNA genome and, thus, of little use in fisheries management. Therefore, it is appropriate to suggest that European hake throughout its range constitute a single evolutionary significant unit and that separate management units exist within this ESU . It is possible that there are significantly different control region haplotype frequencies between North Atlantic and Mediterranean populations but the logistic effort required to detect them is impractical in fisheries management. Thus, this study confirms that the analysis of microsatellite loci, which have higher mutation rates than other genomic regions, provides a greater amount of spatial and temporal resolution than mtDNA. For example, Shaw et al. (1999) found no differentiation between Atlantic populations of herring (C. harengus) using restriction fragment length polymorphism (RFLP) mtDNA analysis but found small yet significant differences with microsatellites. Further, Hauser & Ward (1998) reported that 66% of microsatellite data from pelagic fish studies showed significant differences within oceans while 25% of mtDNA tests showed significant F ST values.
Conclusions
This data supports the view that the Cape Breton Canyon itself does not delimit adult fish movement as previously suggested (Casey & Pereiro 1995) . Instead, they suggest that two components contribute to the genetic structure seen in this study. Temporal differentiation patterns would suggest population structure of hake in the Bay of Biscay is more complicated that has generally been recognized. Also, ecological and oceanographic features may act to ensure survival of early life history stages and result in low genetic differentiation, however, the spatial patterns observed are not temporally stable. These results highlight the importance of incorporating temporal samples when conducting population structure studies as has been recently suggested (Tessier & Bernatchez 1999; Garant et al. 2000) .
In the conservation efforts of terrestrial and freshwater organisms, management attention is generally focused on rare and endangered species, which by virtue of their rarity are of little economic interest (Avise 1998 ). This situation is quite different in a marine environment. Here, management efforts are focused on commercially important species, which through over-harvesting can become economically extinct well before the exploited species becomes threatened with biological extinction (Botsford et al. 1997) . Even so, many of the world fisheries are threatened by over-fishing and populations of marine animals have been severely depleted in recent decades. In the case of local population decline, recovery may be difficult if migration and gene flow are minimal between population units. It is, therefore, important to recognize population boundaries and quantify the degrees of migration between populations of exploited animals. This study confirms the importance of understanding the ecology, behaviour and environment of fish populations when investigating population genetic structure. Clearly more information is required in order to conduct rigorous sampling strategies and form hypotheses regarding the temporal and spatial structure of hake in the Bay of Biscay. Until further clarification of the possibility of temporally separated spawning stocks within regions is addressed fisheries management should be conducted with a cautionary approach.
